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REMARKS 

Claims 1-43 were pending in the instant application. Claims 1-14, 16-20, and 27-43 have 
been cancelled. New claims 44-47 have been added. Claims 15 and 21-26 are amended by the 
present Amendment. Support for the new claims and the amendments to the claims can be 
found in the claims as filed and in the original specification at least at page 2, lines 5-19 and 
page 39, lines 5-24. Upon entry of the present Amendment, claims 1-26 and 44-47 are pending 
and presented for reconsideration. Applicant respectfully submits that no new matter is 
introduced by the present Amendment. 

Amendment and/or cancellation of the claims is not to be construed as acquiescence to 
any of the objections/rejections set forth in the instant Office Action or any previous Office 
Action of the parent application, and was done solely to expedite prosecution of the application. 
Applicant submits that claims were not added or amended during the prosecution of the instant 
application for reasons related to patentability. Applicant reserves the right to pursue the claims, 
as originally filed, or similar claims in this or one or more subsequent patent applications. 

Claim Rejections - 35 U.S. C §112 
Rejection of Claims L 3-4. 6. and 8-14 under 35 U.S.C. $112. Second Paragraph 

Claims 1, 3-4, 6, and 8-14 have been rejected under 35 U.S.C. §112, second paragraph, 
as being indefinite for failing to particularly point out and distinctly claim the subject matter 
which Applicant regards as the invention. In particular, the Office Action, on page 3, states that 
"Claim 1 [and claim 9] is [are] vague and indefinite in that it is unclear whether Applicant 
intends an anti-recombinase which is wild-type to a bacteriophage or whether Applicant intends 
an anti-recombinase which, e.g., inhibits the bacteriophage recombinase recited in component 
(a) of the claim, or both." The Office Action also states that claims 3, 6, 10, and 12 lack 
antecedent basis for the limitation "the origin of replication" because "there can be more than 
one origin of replication in the claim from which it depends." Furthermore, the Office Action 
states that claims 4, 8, 1 1, and 14 are "vague and in define in that it is unclear what is meant by a 
bacteriophage X anti-RecBCD." Finally, the Office Action states, on page 4, that there is 
"insufficient antecedent basis for this [nucleotide sequence] limitation in the claim because there 
is more than one sequence which encodes the bacteriophage X Red recombinase in the claim 
from which claim 13 depends." 
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Without acquiescing to this rejection and solely in an effort to further prosecution, 
Applicant has cancelled claims 1-14, thereby rendering the rejection, as it pertains to these 
claims, moot. Applicant, therefore, respectfully requests withdrawal of the rejection of claims 1, 
3-4, 6, and 8-14 under 35 U.S.C. §112, second paragraph and favorable reconsideration. 

Rejection of Claims 1-26 under 35 U.S.C. $112, First Paragraph 

Claims 1-26 have been rejected under 35 U.S.C. §1 12, first paragraph, as failing to 
comply with the written description requirement. In particular, the Office Action, on page 7, 
states that, "no description is provided of a single Ptac promoter sequence. No description is 
provided of a recombinase other than X Red. No description is provided of an anti-recombinase 
other than X. gam." 

Without acquiescing to this rejection and solely in an effort to further prosecution, 
Applicant has cancelled claims 1-14 and 16-20, thereby rendering the rejection, as it pertains to 
these claims, moot. Not withstanding the foregoing, Applicant respectfully traverses the 
foregoing rejection. Reconsideration and withdrawal of the rejection in light of the following 
discussion is respectfully requested. 

An objective standard for determining compliance with the written description 
requirement under 35 U.S.C. § 112, first paragraph, is whether the specification conveys with 
reasonable clarity to those skilled in the art that, as of the filing date sought, the Applicant was in 
possession of the invention as now claimed. Vas-Cath, Inc. v. Mahurkar, 935 F.2d 1555, 1563- 
64, 19 USPQ2d 1111,1117 (Fed. Cir. 1991) and In re Gosteli, 872 R2d 1008, 1012, 10 USPQ2d 
1614, 1618 (Fed. Cir. 1989). 

Without acquiescing to this rejection and solely in an effort to further prosecution, 
Applicant has amended claim 15, and claims depending therefrom, to be directed to a 
recombinant organism comprising a PCR-mediated gene replacement vector that comprises: (a) 
a X exo and a X bet nucleotide sequence encoding bacteriophage X Red recombinase; (b) a X gam 
nucleotide sequence encoding bacteriophage anti-RecBCD; (c) aP/ac promoter sequence 
operably linked to the nucleotide sequence of (a) and (b); and (d) a nucleotide sequence 
encoding LacI operably linked to its native promoter; and (e) at least one origin of replication 
sequence which confers low copy number on the vector, wherein the recombinant organism is a 
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pathogenic species. Furthermore, the Examiner has admitted, at page 6 of the Office Action, 
that "[t]he specification describes nucleic acids for engineering bacterial chromosomes and 
teaches that the Red system, consisting of bet (a ssDNA annealing protein), exo (a 5-3' 
dsDNA exonuclease) along with gam (an anti~RecBCD functioning protein) promote gene 
replacement into pathogenic bacteria." In view of the foregoing, these amendments render the 
rejection, as it pertains to the recombinase and anti-recombinase sequences, moot. 

With respect to the Ptac promoter sequence, Applicant respectfully submits that 
Applicant's specification also provides extensive teachings on the claimed Ptac nucleic acid 
sequences. To begin with, Applicant discloses that the Ptac promoter is present in the pKM200 
and pKM201 vectors and was derived from pTP806 (see, e.g., page 27, lines 25-32 of the 
specification). Furthermore, Applicant discloses in the specification on page 27, lines 18-22, 
that the plasmid, pTP806, which contains the Ptac promoter, was described previously by 
Poteetee/fl/. {Journal of Bacteriology, 181(17):5402-5408, 1999), a reference that the Examiner 
has also cited (discussed in greater detail below). Additionally, the specification describes a 
Ptac-red-gam operon used for the expression of exo, bet, and gam sequences (see, e.g., page 52, 
lines 17-18 of the specification). 

In addition to the foregoing teachings in Applicant's specification, the art at the time of 
the invention is replete with teachings regarding the Ptac promoter. For example, as early as 
1983, Amann et al x described and cloned the Ptac promoter into a series of plasmid vectors to 
facilitate the expression of cloned genes (see, e.g., Abstract). Pierucci et al. 2 had described the 
Ptac promoter for controlling gene expression (see, e.g., Materials and Methods, first paragraph, 
and Abstract). Additionally, the Stewart reference (as cited in the Office Action at least at page 
12) also teaches the use of a "commonly used strong promoter[s]", the Ptac promoter (see, e.g., 
column 26, lines 13-16 of Stewart et al). 

Based on the foregoing teachings in Applicant's specification, as well as the general 
knowledge in the art at the time of the invention, one of skill in the art would understand the 
meaning of the term "Ptac promoter sequence," as used in the amended claims. Accordingly, 



1 A copy of which is attached herein as Appendix A. 
2 A copy of which is attached herein as Appendix B. 
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Applicant submits that amended claims 15 and 21-26 are clear and definite and respectfully 
request that the aforementioned rejection under 35 U.S.C. §112, first paragraph be reconsidered 
and withdrawn. 

Claim Rejections - 35 U.S. C §102 

Rejection of Claims 1. 4. and 7-8 under 35 U.S.C. § 102(b) 

Claims 1, 4, and 7-8 have been rejected under 35 U.S.C. §102(b) being anticipated by 
Poteeteefa/. {Journal of Bacteriology 181(17):5402-5408, 1999). In particular, the Office 
Action, on page 10, states that, "Poteete et al. teach a vector comprising: (a) two nucleotide 
sequences encoding a bacteriophage recombinase (X exo and bet); (b) a nucleotide sequence 
encoding a bacteriophage anti-recombinase (X gam); a Ptac promoter sequence operably linked 
to the nucleotide sequences of (a) and (b): and a nucleotide sequence encoding LacI operably 
linked to its native promoter." 

Without acquiescing to the validity of the Examiner's rejection and solely in the interest 
of expediting prosecution and allowance of the pending claims, Applicant has cancelled claims 
1, 4, and 7-8. Thus, Applicant submits that this rejection has been rendered moot and 
respectfully request that the Examiner reconsider and withdraw this rejection. 

Notwithstanding the foregoing, Applicants wish to make the following remarks of 

record. 

For a prior art reference to anticipate a claimed invention, the prior art reference must 
teach each and every element of the claimed invention. Lewmar Marine v. Barient 827 F.2d 
744, 3 USPQ2d 1766 (Fed. Cir. 1987). 

The pending claims are directed to a recombinant organism comprising a PCR-mediated 
gene replacement vector that comprises: (a) a X exo and a X bet nucleotide sequence encoding 
bacteriophage X Red recombinase; (b) a X gam nucleotide sequence encoding bacteriophage anti- 
RecBCD; (c) a Ptac promoter sequence operably linked to the nucleotide sequence of (a) and 
(b); and (d) a nucleotide sequence encoding LacI operably linked to its native promoter; and (e) 
at least one origin of replication sequence which confers low copy number on the vector, 
wherein the recombinant organism is a pathogenic species, e.g., enterohemorrhagic E. coli 
(EHEC) or enteropathogenic E coli (EPEC), Pseudomonas aeruginosa, or Micobacterium 
tuberculosis. Thus, all of the pending claims require a recombinant organism comprising a 
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vector comprising a nucleotide sequence encoding LacI operably linked to its native promoter, 
wherein the recombinant organism is a pathogenic species. 

As a first matter, Applicant wishes to point out that, contrary to the Examiner's 
assertions, the Poteete reference does not disclose a lad sequence operably linked to its native 
promoter. For example, the description of pTP822 and pTP810 on page 5403, second column, 
second full paragraph of Poteete et al describes vectors comprising the sequence Pi ac -cl. The cl 
repressor gene of bacteriophage lambda, which is responsible for the regulation of the switch 
from lysogeny to lytic development in bacteriophage lambda, is completely distinct from the lad 
gene. Furthermore, Poteete et al. further disclose that "[ajlthough the X recombination and 
repressor genes in the substitution are nominally under the control of the wild-type lacl gene of 
this strain, effective expression is seen even in the absence of the inducer" (see, e.g., page 5403, 
second column, second full paragraph of Poteete et al.). Thus, the Poteete reference discloses 
that the genes are under the control of the wild-type, i.e., chromosomal, lacl gene, and that this 
wild-type chromosomal lacl gene is not a part of the vector. Moreover, Applicant respectfully 
submits that this reference only discloses the use of laboratory strains of E. coli and is devoid of 
any teaching regarding a recombinant organism, e.g., a pathogenic organism, comprising vector 
sequences encoding a lacl gene operably linked to its native promoter. 

In summary, Applicant respectfully submits that, contrary to the Examiner's assertions, 
Poteete et al. fails to teach or suggest each and every element of the claimed invention and, thus, 
this reference fails to anticipate the claimed inventioa For the foregoing reasons, rejection of 
the claimed invention is believed to be improper and Applicant respectfully requests that it be 
reconsidered and withdrawn. 

Claim Rejections - 35 U.S. C §103 
Rejection of Claims 1-22 under 35 U.S.C. $103(a) 

Claims 1-22 have been rejected under 35 U.S.C. §103 (a) as being unpatentable over 
Datsenko et al. (PNAS 97(12):6640-6645, 2000) in view of Stewart et al. (U.S. Patent No. 
6,355,412). In particular, the Office Action states on page 13 that, "[i]t would have been 
obvious for one of ordinary skill in the art to combine the Ptac promoter of Stewart et al. in the 
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vector of Datsenko et ah because both Stewart et ah and Datsenko et ah teach methods of 
recombinatorial engineering in bacteria which rely upon the expression of X exo and bet and gam 
sequences." The Office Action further states that "[o]ne of ordinary skill in the art would have 
been motivated to combine the vector comprising the X exo and bet and gam sequences as taught 
by Datsenko et ah with the Ptac promoter and lad gene sequences as taught by Stewart et ah" 

Applicant respectfully traverses the Examiner's assertion that the claimed invention 
would have been obvious to the skilled artisan at the time it was made. Reconsideration and 
withdrawal of the rejection in light of the following discussion is respectfully requested. 

To establish a prima facie case of obviousness for the claimed invention, there must have 
been some suggestion or motivation, either in the cited references themselves or in the 
knowledge generally available to one of ordinary skill in the art, to modify the reference or to 
combine reference teachings in the manner proposed by the Examiner. Second, there must have 
been a reasonable expectation of success at the time the invention was made. Finally, the prior 
art reference (or references when combined) must teach or suggest all the claim limitations. See 
M.P.E.P. 2143. The prior art must suggest "to those of ordinary skill in the art that they should 
make the claimed composition or device, or carry out the claimed process" and "[b]oth the 
suggestion and the reasonable expectation of success must be founded in the prior art, not in the 
applicant's disclosure." In re Dow Chemical Co. 837 F.2d 469. 473, 5 U.S.P.Q.2d 1529, 1531 
(Fed.Cir. 1988). 

Applicant submits that the Examiner has failed to establish a prima facie case of 
obviousness since the cited references would not have motivated one of ordinary skill in the art 
to arrive at the claimed invention. 

The amended claims are directed to a recombinant organism comprising a PCR-mediated 
gene replacement vector that comprises: (a) a X exo and a X bet nucleotide sequence encoding 
bacteriophage X Red recombinase; (b) a X gam nucleotide sequence encoding bacteriophage anti- 
RecBCD; (c) a Ptac promoter sequence operably linked to the nucleotide sequence of (a) and 
(b); and (d) a nucleotide sequence encoding LacI operably linked to its native promoter; and (e) 
at least one origin of replication sequence which confers low copy number on the vector, 
wherein the recombinant organism is a pathogenic species, e.g., enterohemorrhagic E. coli 
(EHEC) or enteropathogenic E. coli (EPEC), Pseudomonas aeruginosa, or Micobacterium 
tuberculosis. In contrast, Datsenko et ah neither teach nor suggest all of the elements of the 
claimed invention, alone or in combination with the teachings of Stewart et ah 
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Datsenko et al is directed to the PCR-mediated gene replacement of chromosomal genes 
in E. coli K-12, a non-pathogenic strain of E. coli. Datsenko et al. teach the use of an isolated 
nucleic acid comprising X bet, exo and gam sequences under the control of an arabinose- 
inducible promoter (Pbad) in a low copy number vector (i.e., isolated nucleic acid molecule), 
further comprising a temperature sensitive origin of replication, allowing for easy elimination of 
the vector at 37°C, with an optimized ribosome-binding site for efficient translation of gam. 
This reference is devoid of any teaching regarding a recombinant organism, e.g., a pathogenic 
organism , comprising sequences encoding X Red Recombinase sequences under the control of a 
Vtac promoter or a lad gene operably linked to its native promoter. 

The teachings of Stewart et al. fail to cure this deficiency. Stewart et al is directed to 
methods and compositions for directed cloning and subcloning using homologous recombination 
(see, e.g., Title and Abstract of Stewart et al). The Stewart reference discloses an isolated 
nucleic acid comprising the recombinase X Red a (exo) and Red |3 (bet) genes and that levels of 
expression can also be varied by using promoters of different strengths, including but not limited 
to, the tac promoter. However, the Stewart reference is devoid of any teaching regarding the use 
of homologous recombination for PCR-mediated gene replacement, i.e., to create genetic knock- 
outs, in pathogenic strains , as required by the pending claims. Thus, even when combined, the 
teachings of the Datsenko et al and Stewart et al. would fail to even suggest to one of ordinary 
skill a recombinant organism comprising a PCR-mediated gene replacement vector , wherein the 
recombinant organism is a pathogenic species , as presently claimed. 

Moreover, Applicant respectfully submits that the ordinary artisan would not have been 
motivated to further combine the teachings of Datsenko et al. and Stewart et al to create the 
recombinant organism, as presently claimed. Specifically, although both references utilize the X 
Red recombinase system, Datsenko et al. is directed to the one-step inactivation of chromosomal 
genes in a non-pathogenic strain of E. coli, while Stewart et al. is directed to cloning and 
subcloning using homologous recombination. The Office Action has failed to point to any 
teaching in the cited references which would impel one of ordinary skill in the art to combine the 
teachings of the references in order to arrive at the presently claimed invention. It is well- 
established law that the prior art must suggest "to those of ordinary skill in the art that they 
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should make the claimed composition or device, or carry out the claimed process" and "[b]oth 
the suggestion and the reasonable expectation of success must be founded in the prior art, not 
in the applicant's disclosure (emphasis added)." In re Dow Chemical Co. 837 F.2d 469. 473, 5 
U.S.P.Q.2d 1529, 1531 (Fed.Cir. 1988). Thus, absent evidence to the contrary, the combination 
of the cited references amounts to an attempt at hindsight reconstruction of the claimed invention 
based on the teachings of Applicant's own specification and is clearly impermissible. See, for 
example, In re Fine 5 USPQ2d 1596 (Fed.Cir. 1988); In re Gorman 18 USPQ2d 1885 (Fed. Cir. 
1991); In re Fitch 23 USPQ2d 1780 (Fed. Cir. 1990). 

Applicant further submits that, even if the motivation to combine the teachings of the 
references did exist, which Applicant denies, Datsenko et al in combination with Stewart et al 
fail to provide sufficient information that would lead one of ordinary skill to reasonably expect 
that these vectors could be successfully used to inactivate chromosomal genes in pathogenic 
bacteria. The present invention features improved methods and systems for promoting 
recombination in bacteria, specifically in pathogenic strains of bacteria. The Office Action 
states, on page 1 1, that "Datsenko et al explicitly teach such a nucleic acid in an E. coli K12 
recombinant host, but note that their method should be 'widely useful' and easily extended to 
use in other bacteria." Contrary to this statement, there was no reasonable expectation of 
success in achieving recombination in pathogenic strains at the time of the claimed invention. 
At the time of the instant invention, the known X Red systems, Le., the X Red taught by 
Datsenko et at or Stewart et at could not be used successfully in pathogenic bacterial strains, 
as required by the pending claims. For example, as described in the instant application on page 
39, lines 17-20, "initial attempts by the instant inventors to employ X Red," (Le., the X Red 
taught by Datsenko et at and/or Stewart et at), u for PCR-mediated gene replacement at 
various loci in [the pathogens] EHEC and EPEC were met with sporadic success, similar to 
the limited success seen with Red-promoted short homology recombination in Y. 
pseudotuberculosis." It was these difficulties that prompted the inventors to examine more 
closely the methodologies of A, Red promoted PCR-mediated gene replacement, especially in 
regard to optimizing its use in the pathogenic organisms EHEC and EPEC. The specification 
further states on page 53, lines 26-28, that, in contrast to known X Red systems, "[t]he above 
Examples demonstrated that X Red can be utilized for the manipulation of the chromosomes of 
[the pathogens] EHEC and EPEC" and that "the ability to inactivate or replace a gene of interest 
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in the chromosomes of bacterial pathogens is a critical step in the identification of virulence 
factors." To summarize, at the time of the instant invention, the use of known X Red systems, 
including the X Red taught by Datsenko et al or Stewart et al for PCR-mediated gene 
replacement in pathogenic species led only to inefficient and sporadic results. The limited 
success of the previous X Red systems (Le., the X Red taught by Datsenko et al and/or Stewart 
et al), led the inventors to select the specific combination of recombinase, anti-recombinase, 
Ptac promoter, and lad presently claimed to improve efficiency of Red recombineering in 
pathogenic strains. 

In summary, Applicant respectfully submits that, contrary to the Examiner's assertions, 
the ordinarily skilled artisan at the time of Applicant's invention would not have been motivated 
nor have reasonably expected to succeed in arriving at Applicant's invention based on the 
teachings of Datsenko et al and/or Stewart et al The claimed invention pertains to isolated 
nucleic acid molecules comprising the recombination genes of phage X exo, bet and gam 
operably linked to a Ptac promoter sequence, and the use of a lad gene in order to induce 
expression of the recombinase. These molecules are not taught or suggested in the cited art. 
Therefore, Applicant respectfully requests withdrawal of the rejection of claims 1-22 under 35 
U.S.C. § 103(a) and favorable reconsideration. 

Rejection of Claims 1-26 under 35 U.S.C. § 103(a) 

Claims 1-26 have been rejected under 35 U.S.C. §103(a) as being unpatentable over 
Datsenko et al in view of Stewart et al and further in view of Pelletier et al. In particular, the 
Office Action states on page 14 that, "Pelletier et al teach a method for identifying suitable 
targets for antibacterial agents based on identifying targets of bacteriophage-encoded proteins. . . 
that Pseudomonas aeruginosa is an exemplary pathogen which can be infected by 
bacteriophage. . . [and] Mycobacterium tuberculosis is an exemplary pathogen." Furthermore, 
the Office Action states on page 15 that, "[i]t would have been obvious for one of ordinary skill 
in the art to place the vector as taught by Datsenko et al in view of Stewart et al into hosts such 
as P. aeruginosa and M tuberculosis as taught by Pelletier et al because Datsenko et al and 
Stewart et al teach that the vector can be used in other bacteria, and Pelletier et al teach that P. 
aeruginosa andM tuberculosis are pathogenic bacteria subject to infection/manipulation by 
bacteriophage sequences." 
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Applicant respectfully traverses the Examiner's assertion that the claimed invention 
would have been obvious to the skilled artisan at the time it was made. Reconsideration and 
withdrawal of the rejection in light of the following discussion is respectfully requested. 

The legal requirements to establish a prima facie case of obviousness are set forth above. 
Applicant submits that the Examiner has failed to establish a prima facie case of obviousness 
since at the time the invention was made there was no motivation to combine the references in 
the manner suggested by the Examiner, nor was there a reasonable expectation of success in 
making the claimed invention. The teachings of Datsenko et al and Stewart et al are set forth 
above. As discussed previously, the Examiner has not provided the requisite motivation to 
combine the Stewart and Datsenko references. In addition, based on the teachings of the 
references, there was no reasonable expectation of success in making the claimed invention 
based on the teachings of these references. 

Pelletier et ah disclose a method for identifying suitable targets for antibacterial agents 
based on identifying targets of bacteriophage-encoded proteins by contacting a bacterial protein 
with a bacterial growth inhibitory bacteriophage polypeptide, determining whether said protein 
binds to said polypeptide, and identifying any bound protein (see, e.g., Abstract and Claim 1 of 
Pelletier et al.). Pelletier et al. do not disclose the use of homologous recombination or gene 
replacement vectors . Furthermore, Pelletier et al. do not disclose the X exo and a X bet 
nucleotide sequence that encodes bacteriophage X Red recombinase or the X gam nucleotide 
sequence encoding bacteriophage anti-RecBCD. Thus, Pelletier et al. fails to provide the 
motivation required to modify the teachings of the cited art to arrive at the claimed invention. 

Absent the teachings of the instant application, there was no motivation to make a 
pathogenic oragnism comprising specific constructs, as claimed. The specific constructs recited 
in the claims consistently allow for efficient recombination to inactivate chromosomal genes in 
pathogenic organisms. More specifically, there was no motivation to combine a Ptac promoter, 
recombinase sequences, an anti-recombinase sequence, and an origin of replication which 
confers low copy number and temperature sensitivity with the pathogenic bacteria of Pelletier et 
al. absent the teachings of the instant application. 

In view of the foregoing, Applicant respectfully submits that, contrary to the Examiner's 
assertions, the ordinarily skilled artisan at the time of Applicant's invention would not have been 
motivated nor have reasonably expected to succeed in arriving at Applicant's invention based on 
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e teachings of Datsenko et ah, Stewart et al y and/or Pelletier et ah Therefore, the claimed 
invention is not obvious in view of the cited art. Applicant respectfully requests withdrawal of 
the rejection of claims 1-26 under 35 U.S. C. §103 (a) and favorable reconsideration. 
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l^N 0 8 J CONCLUSION 

M) 

In view of the foregoing, entry of the amendments and remarks presented, favorable 
reconsideration and withdrawal of the rejections, and allowance of this application with the 
pending claim are respectfully requested. If a telephone conversation with the Applicant's 
attorney would expedite prosecution of the above-identified application, the Examiner is invited 
to call the undersigned at (617) 227-7400. 



Dated: January 8, 2007 Respectfully submitted, 

By. 



Megan E. Williams 
Registration^.: 43,270 
LAfflVE & COCKFIELD, LLP 
One Post Office Square 
Boston, Massachusetts 02109-2127 
(617) 227-7400 
(617) 742-4214 (Fax) 
Attorney/Agent For Applicant 
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SUMMARY 

A strong promoter has been cloned on a series of plasmid vectors that facilitate the expression of cloned 
genes. This promoter, named tac [first described by DeBoer et al. (in Rodriguez, R.L. and Chambering M J. 
(Eds.XPromoters, Structure and Function. Praeger, New York, 1982, pp. 462-481)] contains the -10 region 
of the /acUV5 promoter and the -35 region of the trp promoter. Our vectors contain various cloning sites 
followed by transcription termination signals. In addition, we describe plasmids that facilitate the conversion 
of the lac promoter to the stronger tac promoter. Thus, preexisting gene fusions using the lac or the facUV5 
promoter can be readily converted to tac promoter gene fusions without changing the ribosome-binding site 
(RBS). The tac promoter is repressed in lacP strains and can be induced by isopropylthio-/to-galactoside 
(IPTG). Studies of expression of the cl repressor of bacteriophage 1 show that the tac promoter is at least five 
times more efficient than the lac UV5 promoter. Under optimal conditions A repressor constitutes up to 30% 
of the total cellular protein. 



INTRODUCTION 

Promoters are segments of DNA which direct 
RNA polymerase binding and initiation of transcrip- 
tion. At present, it is difficult to correlate the strength 



* Present addresses: (EA.) Behringwerke Aktiengesellschaft, 
Postfach 1140, D-3550 Marburg 1 (F.R.G.)Tel 49-6421-392961 ; 
(J.B.) Center for Neurobiology and Behavior, Columbia Univer- 
sity, 722 West 168th Street, New York, NY, 10032 (USA.) Tel. 
(212) 9602245 or 9602259. 

Abbreviations: amp, ampiciUin ; bp, base pairs; IPTG, isopropyl- 
0-D-thiogalactoside; LB, Luria broth; RBS, ribosome-binding 
site (Shine-Dalgarno sequence); SDS, sodium dodecyl sulfate. 



of a promoter with its primary structure even though 
more than SO promoter sequences have been deter- 
mined (Siebenlist et al., 1980; Rosenberg and Court, 
1979). Comparison of these sequenced, however, has 
revealed two regions of homology, the Pribnow box 
or -10 region (Pribnow, 1975; Schaller et al., 1975) 
with consensus sequence TATAAT, and the -35 
region (Maniatis et al., 1975; Gilbert, 1976X with 
consensus sequence TTGACA. Promoter mutations 
map almost exclusively in either of these two 
domains (Siebenlist et al., 1980; Rosenberg and 
Court, 1979; YouderianetaL, 1982). 

The lacXTVS promoter contains the consensus 
-10 sequence and the trp promoter contains the 
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consensus -35 sequence (Siebenlist etal., 1980; 
Rosenberg and Court, 1979). These elements can be 
fused using restriction sites Taql and HpaU to yield 
a hybrid ("toe") promote as first shown by DeBoer 
et al. (1982; 1983). Recent reports indicate the im- 
portance of the spacing between the -10 and -35 
promoter regions (Mandecki and Reznikoff, 1982; 
Stefano and Grail a, 1982, Russell and Bennett, 
1982). In all the known, sequenced, promoters 
spacings of IS to 18 bp are found, the most frequent 
interval being 17 bp (Siebenlist et al., 1980; Rosen- 
beffg and Court, 1 97 9). The spacing in the lac and trp 
promoters is 18 and 17 bp, respectively. The tac pro- 
moter construction spaces the two domains 16 
nucleotides apart, the same as that found in the 
strong ribosomal RNA promoters (Brosius etaL, 
1981). 

The tac promoter includes the lac operator region 
and can therefore be repressed by E. coli strains that 
overproduce the lac repressor. Repressibility is 
important to allow the controlled production of pro- 
teins that are toxic to E. coli. The promoter can be 
induced to its full strength by addition of IPTG to the 
medium. 

Here we report tac promoter constructions in 
expression vectors, which bear unique cloning sites 
downstream of the promoter and of DNA sequences 
encoding the lacZ RBS. Furthermore, as strong 
promoters tend to destabilize plasmids (Gentz et al., 
198 IX we have placed distal to the cloning sites 
several efficient signals for the termination of trans- 
cription. We have studied expression of a prokaryotic 
gene and show that the tac promoter is significantly 
more efficient than the &cUV5 promoter. 



MATERIALS AND METHODS 

(a) Hfeictoial s tomas £rf jpOasaaidSs 

The standard strain for carrying tac promoter 
containing plasmids was E. coti RB791 (= W3110 
lacJ^LS) (Brent and Ptashne, 1981). For some expe- 
riments strains MM294 (pro~, thi~ y endA~ > hsr£* 
ksrZ) (Lauer etaL, 1981), X90tF^c^ 1 ] (kindly 
provided by H. Shuman) and LG90 (F~, Mac 
ptvXM) (Guarente et aL, 1980) were used as indi- 
cated in the text Plasmids pRB277, pKB280 and 
pGLlOl are described elsewhere (Lauer et al, 1981 ; 



Backman and Ptashne, 1978). Plasmid p/ac/* 3 , 
which contains a 1.1-kb lad fragment in the EcoRl 
site of pBR322, was kindly provided by J. Wang. 

(fo) ManigKolation of DNA 

Isolation of plasmid DNA, preparation of DNA 
fragments, DNA synthesis reactions, DNA ligations 
and transformation of £. coH were carried out as 
described previously (Backman etaL, 1976; Tal- 
madge and Gilbert, 1980; Maxam and Gilbert, 1980; 
Mandel and Higa, 1970). Plasmid-containing 
colonies were screened by the method of Birnboim 
and Doly (1979). DNA sequencing was performed 
according to Max am and Gilbert (1980). Restriction 
enzymes were purchased from New England 
Biolabs, Bethesda Research Laboratories, Inc. and 
from Boehringer, Mannheim and were used accord- 
ing to the manufacturers instructions. Hin dill linkers 
(decamer: 5'CCAAGCTTGG) were purchased 
from Collaborative Research, Inc. 

(c) HsofiatioaB off the MBWbp trp -35 ffimgDEecia 

Plasmid ptrpHl (Fig. 1) was digested with Pstl 
and HindlU and the 1650-bp fragment was isolated 
and cut with Taql. Four subfragments of approx. 
1000, 400, 200 and 40 bp were identified by gel 
electrophoresis. Upon "shotgun-cloning" these frag- 
ments into the CM site of pBR322, only the 400- and 
200-bp fragments were recovered, indicating that 
these were internal Taql fragments. A Hindi site at 
position -37 to -32 in the trp promoter (Bennett 
et al., 1978) identified the 200-bp fragment as the one 
carrying the -35 trp promoter sequence. DNA 
sequencing showed this fragment to be 192 bp in 
length (Fig. 4). 

(d) Mfatiam ©ITtite 55-bp klUVS — n© ffiragnnaeszatt 

Plasmid pGLlOl (Lauer et al., 1981) was digested 
with HindHl and Pvull. The 550-bp fragment was 
isolated, digested with Hpa VL and the 5 5-bp fragment 
was isolated. 

(e) Sdkedfitea off A-onnnrnme cdtows 

Fusion constructions of tac promoter-d (see 
results, section a) were done as follows: Gel-puri- 



fied DNA fragments were ligated, transformed into 
strain W3llQlacf*L% and plated on LB-plates 
containing SO^g/ml ampicillin seeded with 10 9 
AKH54 phage (Blattner etal., 1974) and 10 9 
Ah80KH54 phage. Plasmid-conf erred immunity was 
further tested by streaking single colonies across a 
streak of phage on an agar plate. A-immune, 
>l//wn434-sensitive colonies were used for plasmid 
preparations and induction curves (see legends to 
Figs. 6 and 7). 

(If) Eflecfiroplboiretk amEysss of piratens 

1-ml samples of cultures grown in LB medium 
were harvested by centrifugation and the cell pellets 
were lysed in 100 /ii of sample buffer according to 
Laemmli (1970). Samples were boiled for 5 min prior 
to loading, and 10-20 /J per well were analyzed by 
electrophoresis on 13.5% SDS-polyacrylamidegels. 
Photographs of Coomassie blue-stained gels were 
scanned with a Quick Scan R&D micro- 
den sitometer of Helena Laboratories. 



RESULTS 

(a) CoiBStffiBcit5oia of plasmidls coontoifflflBsg & hybrid 
ftp-loc promoter 

Plasmids ptacll and ptac!2 contain the tac 
promoter (with the lac operator and the lacZ RBS 
sequence) oriented in opposite directions with regard 
to the amp gene, followed by unique cloning sites 
(Figs. 1 and 2). In ptacll a unique EcoRl site is 
located 7 bp downstream of the encoded lacZ RBS 
sequence and in ptac 12 a unique PvuM site is located 
5 bp downstream of the encoded lacZ RB S sequence 
(Figs. 1 and 2). Following linearization of ptacl2 
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with Pvull and religation in the presence of HindM 
linkers, ptacl2H was constructed which carries a 
unique HindM site 10 bp downstream from the lacZ 
RBS sequence. These sites are useful for the intro- 
duction of cloned genes and the formation of "hybrid 
ribosome binding sates" (Backman and Ftashne, 
1978; see also discussion). 

(lb) CoDBStoEt^MKE off [pfasMiMs tifcafc sIIBoto 4Jfc© ©kb- 
vecrslm o(F fee promoter imto $&£ p^oaoto 

The construction of the hybrid tac promoter was 
facilitated by the presence of a Taql site located 
between the -10 and -35 trp promoter region and 
a Hpall site in the corresponding position in the 
lac\JV5 promoter. These sites have complementary 
ends and therefore can be fused. Before fusing Taql 
and Hpall sites, however, we converted the Taql site 
at the end of a fragment bearing the -35 trp promoter 
region to a Clal site (Fig. 3). The Clal site when cut 
bears the same sticky ends as the Taql and HpaM 
sites but is unique to the plasmid. Thus, in plasmids 
p£A300 and pEA301, the immediate progenitors of 
ptac 1 1 and ptac 12 (see Figs. 1 and 2), cleavage with 
Clal produces a fragment that bears the -35 up 
promoter region at one end. This is useful for con- 
verting lac promoters into tac promoters. Cleavage 
with HpaU of a DNA molecule carrying a lac pro- 
moter followed by a gene and insertion of the appro- 
priate fragment into the Clal site of pEA30Q or 
pEA301 in the correct orientation yields the sac pro- 
moter without changing the RBS. 

In the construction of p£A301, as described in 
Fig. 1, all of the clones isolated bore the -35 trp 
promoter fragment in the orientation shown m the 
Fig. 1. Had this fragment been recovered in the 
opposite orientation it would have formed a hybrid 
trp-tet promoter with a spacing between the -35 top 



Fig. 1. Construction of plasmids p£A30 1 and ptac 1 1. Plasmid ptrpH 1 carries the op promoter but is deleted for the trp attenuator re$oa 
(E Amann and M. Ptashne, unpublished). The trp -35 promoter region was isolated oa a 192-bp Taql fragment from ptrpHl by 
shotgun-cloning into the Oal site of pBR322 (see MATERIALS AND METHODS, section c\ ligation with the Taql (5'TOGA) 
fragment recreated one Oal site (5'ATCGAT), located between the -35 and -10 trp promoter regions and its adjacent 5' base (Eesmsft 
et ah, 1978; see also Figs. 3 and 4\ We only detected clones in which the -35 trp promoter region was oriented in the same darectsoa 
as the amp promoter of pBR322. Thus in pEA301 the Oal site is located 23 bp from the £coRI site. As a source of the &cUV5 -10 
promoter region we used a 55-bp HpalhPmll fragment from plasmid pGLlOl (Lauer et oL, 19811). This fragment also canoes the isxZ 
RBS sequence. p£A301 was cut with JEfcoRI and filled in and cut with Oal. ligation of the large fragment whSa the 55-fcp PtaSX-JSfrsBl 
fragment yielded ptac 1 1. AMP (ampicillin) and TET (tetracycline) marfc the antibiotic resistance genes (open boxes) en the p&smds. 
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Hind in 




JET 



\ I. isolate 1650 bp Hindm/PsU fragment 
\2.cut with TaqI 

\ 



PstI , , , 



Toql 
\ | Hind SI 



\ I. shotgun -clone into Clal site of pBR322 
\2.identify correct °-35 trp " fragment 




Hpall PvuII 
* I 



-'°lac 



\t-cut with RI 



\ 2. fill in 



\3.cut with Clal 
^ 4. isolate Rl/CIa I backbone 
\5 ligate with 55 bp HpaH/Pvul 

H -IO| Q c fragment 

Hindm 

JET 




The thin lines mark the remaining pBR322 sequences. The line of medium thickness corresponds to sequences near the trp operon. The 
solid arrow refers to the trp promoter or part there of including its orientation. The open arrow marks the -10 part of the /acUVS 
promoter. 



34 6,4 
AAGCTT6GCTAA 
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Toql Toql 
♦ » 



Pvun 



T 2 

\ l.cut with Clal 



\ 2. ligate with 192 bp TaqI "-35 trp " fragment 
RI 

JET 




PvuII 



Hpall PvuII 

» t 



z \ I. isolate PvuH/Clal backbone 
\ 2. ligate with 55 bp Hpall /PvuII 

\^LgRlO lac "-•Olac" 




Fig. 2. Construction of plasmids pEA300 and ptacl2. Insertion of the 192-bp trp promoter Taql fragment (black arrow) into the Clal 
site of plasmid pKK84-l (J. Brosius, unpublished) yielded pEA300. Plasmid pKK84-l carries a deletion of residues 34-64 of the standard 
pBR322 map (SutclUTe, 1979) and contains two tandem inserts of a 500-bp fragment inserted into the filled-in^wil site of pBR322. Each 
500-bp fragment (black heavy segment) contains the two transcription terminators (T, and TJ of the rmB operon and the 5S gene 
(Brosius et aL, 1981). Ligation of the 55-bp Hpall-Pvull -10 lacXJVS promoter fragment (see legend to Ftg. 1) with the Clal-Pvtdl 
backbone of pEA300 yielded ptaclZ AMP (ampicillin) and TET (tetracycline) mark the antibiotic resistance genes (open boxes) on the 
plasmids. The thin lines mark the remaining pBR322 sequences. The open box with the arrow corresponds to theiacUV5 -10 promoter 
region which is fused to the trp -35 region (black segment in ptac 12). EcoKL restriction sites are abbreviated as RI. L denotes the HfadlH 
recognition sequence on the Hinffll linker CCAAGCTTGG which has been fused to position 64 of pBR322 (Sutcliflfo, 1979). 
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promoter region and the -10 tet promoter region of 
17 bp. We failed to find such plasmids in any of three 
experiments: (i) selection of ampicillin-resistant 
clones; (iQ selection on low tetracycline (5/xg/ml) 
plates, and (iu) selection on high tetracycline 
(50 fig/ml) plates. We do not understand why in 36 
isolates (on ampicillin selection) the Taql fragment 
was in one orientation only. 

We were able to obtain the -35 trp promoter 
fragment in the opposite orientation in pEA300 by 
cloning the fragment into plasmid pKK84-l (Fig. 2). 
This plasmid carries a deletion in the tet promoter 
region but maintains the Clal site (see legend to 
Fig. 2). The fragment was found to be inserted in 
both orientations with equal frequency. 

(c) Plasmids which overproduce the cl repressor 
protein under tac promoter control 

A series of plasmids have been constructed in this 
laboratory which overproduce the phage X cl repres- 
sor protein under the control of the lacUVS promoter 
(Backman and Ptashne, 1978; Backman etal. t 
1976). The most efficient overproduces of this series 
(pKB277, pKB280) contain a "hybrid ribosome- 
binding site", i.e. the RBS sequence oTlacZ is fused 
to the ATG of the cl gene. 

To compare the strength of the facUV5 and tac 
promoters, we exchanged the -35 &cUV5 promoter 



region of pKB277 with the corresponding -35 trp 
promoter region, thereby generating the tac promoter 
as follows: pKB277 was digested with Hpall and the 
1100-bp fragment containing the lacUVS -10 
sequence, the hybrid ribosome binding site and the 
entire cl gene was ligated to C/al-digested plasmids 
pEA300 and pEA301 (See Figs. 1 and 2). Cells were 
transformed and A-immune colonies were selected. 
All colonies thus obtained contained inserts only in 
that orientation which generated the tac promoter 
upstream from the cl gene. In plasmid p£A302 the 
tac promoter transcribes in the counterclockwise 
direction and in pEA305 in the clockwise direction. 
Both these plasmids contain a single copy, of the 
1100-bp Hpall fragment One plasmid, pEA303, 
was recovered that contains two Hpall fragment 
inserts as direct repeats in the clockwise orientation 
with respect to the tac promoter. Thus, this isolate 
constitutes one tac promoter transcribing two cl 
genes, each of which is preceded by a lac operator. 
Plasmids pEA302, pEA303, and pEA305 were used 
for expression experiments (see below and Fig. 6). 

Plasmids pEA302 and pEA305 have the same 
hybrid ribosome binding site as pKB277 and 
pKB280 (Backman and Ptashne, 1978) but upstream 
from this region they have the tac promoter instead 
of the lacUVS promoter. However, the plasmid 
structures of pEA302 and pEA305 differ from each 
other as well as from pKB277 and pKB280, To 



trp 



Tac 



Hincn 



AATGAGCTGTTGAC 



"-10" 



AATGAGCTGTTGAC* 



lacUVS CCCCAGGCrrTTACi 



Tool 



\TTAA TCA TC^GA ACTAGy TAACTyl G TA CG C@ 



il 



\TTAA rC^rCGGCTCGjTA TAA T GTGTGGA 
16 



Hfigg 

;tttatgcttccggctcg]tataa t 

18 



GTGTG©® 



Fig. 3. Comparison of trp, lacUVS and tac promoter sequences. For sequence determination of the tac promoter, plasmids ptacl 1 (Fig. 1 ) 
and ptacl2 (Fig. 2) were linearized with EcoKL and labeled with M P by the "fill-in-reaction" according to Mazam and Gilbert (1980). 
After a secondary cut with Hlndlll or /toll, respectively, the promoter fragment was isolated and thus the sequence determined in both 
orientations. Sites used for the fusions are indicated {Taql in ftp, Hpall in lacUVS), Taql and Hpall sites shown in brackets are lost 
in the far promoter. Circled bases indicate startpoints of transcription (Siebenlist et aL, 1980; Rosenberg and Court, 1979). Boxed areas 
indicate -35 and -10 promoter regions, and the distances between them are specified in bp, just below the sequences. 
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IC6ACTGCACGGTGCACCAATGCTTCT6GCGTCA66CAGCCATCGGAA6CT 
TaqI 



GTGGTATGGCTGTGCAGGTCGTAAATCACTGCATAATTCGTGTCGCTCAA 



GGCGCACTCCCGTTCTGGATAATGTTTTTTGCGCCGACATCATAACGGTT 



-35 



CTGGCAAATATTCTGAAATGAGCTGTTGACAATTAATCATCGGCTCG lTAT 



Taql/HpaE 

Hybrid 



Pribnow 



AATGlTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACA GAATTC 

Fig. 4. Nucleotide sequence of the 192-bp TaqI -35 Irp promoter fragment fused to the 55-bp Hpall-Pvull -10 lacUVS promoter 
fragment. Plasmids ptacl 1 (Fig. 1) and ptacl2 (Fig. 2) served as the source of DNA for the sequencing. In each case, DNA was labeled 
at the EcoRl site and sequencing was according to the method of Maxam and Gilbert (1980). The fusion points with the pBR322 DNA 
sequences are indicated by arrows. Pribnow: -10 promoter region; SD, RBS; RI, £coRI site. 



COOH 



PstI 




Pwun 




Hindis 



... „ ... ^ Pvun 
Pvun 

T ^T 2 T, 

Fig. 5. Structures of plasmids pEA302T and pEA305 (for construction see RESULTS, section e). Both plasmids carry a 1 100-bp Hpall 
fragment inserted downstream of the tac promoter which carries a hybrid ribosome binding site with a spacing of 8 bp between the RBS 
sequence of iacZ and the cl ATG as follows: 
AG G A AACAGCGTATG 
RBS cl 

To compare the cl polypeptide levels made under the control of toe and lacUVS promoters, we constructed pEA306 (see RESULTS, 
section c) which differs from pEA305 only in that the /acUV5 promoter replaces the tac promoter to drive the synthesis of cl protein. 
The hybrid ribosome binding sites in these two plasmids are identical. For other details see Figs. 1 and 2. 
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compare directly expression levels of the cl gene 
under control of tac and /acUV5 promoters, we 
transferred an EcoRl-BamHl fragment of pKB280, 
containing the lacUVS promoter and the entire cl 
gene, to the EcoKL-BamHl backbone of plasmid 
pKK84-l yielding pEA306. Plasmids pEA305 and 
pEA306 are identical except for their different pro- 
moters (tac in pEA305, tocUV5 in pEA306). There- 
fore, any quantitative difference in cl protein pro- 
duction should be due to a difference in promoter 
strength. 

(d) Inducibility and comparison of promoter strength 
of tac and /acUVS 

Compared to plasmid pEA306, plasmid pEA305 
directs the synthesis of five-fold higher levels of cl 
protein upon induction with IPTG. 2 h after indue- 



TABLE I 

Time course of induction of X repressor in strain W3 1 10 height 



Time after 
induction (min) 


Repressor level 0 




Promoter 
tac 


lacUVS 


Ratio tac:!aclIV5 


0 


< 1 


<1 




15 


6 


2 


3.0 


30 


12 


2 


6.0 


45 


16 


3 


5.3 


60 


19 


4 


4.7 


120 


26 


5 


5.2 


240 


29 


6 


4.8 



a The gel presented in Fig. 7 was scanned as described in 
MATERIALS AND METHODS, section f, and the amount 
of repressor at each timepoint is specified as % of total cellular 
protein. 
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Fig. 6. Induction of cl repressor in strain W3110 foc^UJ carrying tac promoter-cl and facUV5 promoter-cl fusion plasmids. Freshly 
transformed single colonies were used to inoculate cultures in LB medium in the presence of 50/ig/ml amp. At A$qq = 0.7 IPTG was 
added to a final concentration of 1 mM One ml samples were withdrawn immediately, cells centrifuged and frozen at -18°C. The 
induced cultures were incubated for 2 h, 1 ml samples withdrawn and treated as described in MATERIALS AND METHODS, section 
f, and analyzed on a 13.5% SDS-polyacrylamide gel. Purified cl protein was run in the flanking lanes as a control; indicates 
uninduced cultures and **+" specifies induced cultures. 
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tion, yields of cl protein were 5% and 26% of total 
cellular protein (Fig. 6 and Tables I and II). Fig. 7 
presents a time course of cl protein synthesis by 
plasmids pEA305 and pEA306 after induction with 
IPTG. The corresponding amounts of cl protein 
given as percent of total cellular protein are shown 
in Table I. From these results we conclude that the 
tac promoter is at least five-fold stronger than the 
/acUV5 promoter (see discussion). 

(e) Effects of the relative orientation of the tac- 
promoter-el gene insert on expression levels of cl 
protein 

Plasmids pEA302 and pEA305 differ in the 
relative orientation of the tac promoter-cl gene insert 
and pEA305 carries two copies of the rrnB transcrip- 



TABLE II 

Synthesis of lambda repressor in strain W3U0 lacfiLB 



Amount of 



Plasmid Promoter 


Orientation ° 


Induction 


repressor b 


pEA302T tac 


cc 




< 1 






+ 


: 18 


pEA303 lac 


c 




• 8 






+ . 


32 . 


pEA305 tac 


c 




< 1 






+ 


26 


pEA306 lacVVS 


c 




< 1 






+ 


5 



a cc, counterclockwise; c, clockwise 

b The gel presented in Fig. 6 was scanned as described in 
MATERIALS AND METHODS, section f. Amount of 
repressor is given as % of total cellular protein. 
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Fig. 7. De novo synthesis of repressor protein upon induction with IPTG of the tac promoter (pEA305) or the lacUVS promoter 
(pEA306) in strain W31 10/ac7^L8. Cultures were grown as described in legend to Fig. 6. At = 0.7, IPTG was added to a final 
concentration of 1 mM. At the indicated times (in min) after IPTG addition, 1 ml samples were withdrawn and treated as described 
in legend to Fig. & Samples were analyzed on a 13.5% polyacrylamide gel. Synthesis of cl protein reaches a plateau 240 mm after induction 
(not shown). Purified cl protein was run as a control. 
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tion terminators CBro$kis i «t at, 1981) while pEA302 
d©» notL To study only the effect of the tac 
promoter-cl gene insert orientation on cl protein 
expression levels, we inserted a 500-bp fragment 
carrying the two transcriptional, terminators of the 
rmB operon into pEA302 downstream from the cl 
gene, thus yielding pEA302T (Fig. 5). Plasmids 
pEA302T and pEA305 now both cany strong 
transcriptional terminators downstream of the cl 
gene. Experiments using these two plasmids revealed 
that cl gene expression levels (Eg. 6 and Table II) 
were higher in the clockwise orientation, (18% of 
total cellular protein for pEA302T as compared to 
26% for pEA305). No difference in copy number for 
these two plasmids could be detected as estimated 
on agarose gel electrophoresis following the 
Birnboim and Doly (1979) plasmid-extraction 
procedure. 

(J) Repressibiliiy of the tac promoter in lad over- 
producing Staines 

Plasmid pEA303, which carries two copies of the 
cl gene but only one tac promoter in front of the first 
cl gene (see above) gave the highest expression levels 
(32% of total cellular protein) of all tac promoter-cl 
fusion plasmids (Fig. 6, Table II). In contrast to 
other tac promoter-cl gene fusion plasmids with 
pEA303 in strain W3 1 lOladPLi, we detected expres- 
sion of the cl gene without IPTG induction (8% of 
total cellular protein) (Fig. 6, Table II). However, if 
pEA303 is transformed into strain X90 which carries 
the stronger ladP 1 allele on an F' episome, no 
detectable cl gene expression was observed (data not 
shown). In contrast to all other tac promoter-cl 
fusion plasmids, pEA303 transforms at a 1000-fold 
reduced efficiency into strain MM294, which has a 
lad* allele (data not shown). 

If a DNA fragment, which carries the lad° 
op&ron, is cloned into a non-essential region of 
pEA303, the transformation efficiency is restored to 
control levels, tac promoter-cl fusion plasmids 
carrying the lacf 1 fragment can be stably maintained 
in strain LG90, which is deleted for the lad allele, 
whereas the same plasmid without that fragment 
cannot transform strain LG90 (data not shown). 

These results surest that high expression levels of 
cl protein are deleterious to the cell, but the presence 
cif the ^promoter itself is not since ptacll and 
ptacl2 are both stably maintained in MM294. 



DISCUSSION 

Our iac-promoter-bearing: vectors carry a 192-bp 
fragment containing sequence from the E. coli trp 
promoter region and a 55-bp fragment carrying 
sequences from the lacUVS promoter region in the 
pBR322 derived plasmids. The complete DNA 
sequences of the vectors are known. The vectors are 
designed to be generally applicable, and can be used 
for: 

(0 insertion of DNA fragments carrying genes to 
be expressed into unique restriction sites down- 
stream of the tac promoter and the lacZ RBS 
sequence (i.e. EcoKL in ptacll; PvwII in ptacl2; 
Jfwdlll in ptacl2H). 

(n) isolation of "portable promoter fragments" 
carrying both the tac promoter and the lacZ RBS 
sequence to constitute a "hybrid ribosome binding 
site" (Backman and Ptashne, 1978) when fused to a 
given gene (for example, the 270-^bp EcoRI-jPvuII 
fragment from ptacl2). 

(iii) conversion of existing lacUVS promoter gene 
fusions into more efficiently expressed fac promoter- 
gene fusions using the intermediate plasmids 
pEA300 and pEA301. 

The latter approach has been used here to con- 
struct plasmids that express cl protein under tac 
promoter control. In identical plasmid constructions 
(tac or lacUVS promoting cl protein synthesis), the 
tac promoter directs the synthesis of at least five-fold 
more repressor protein than the lacUVS promoter 
(for these plasmids, no difference in copy number 
was observed, as judged from agarose gel electro- 
phoresis). This finding is likely to represent an 
underestimate of the relative strength of the tac pro- 
moter, as the gels are somewhat overloaded for cl 
and gel-scanning cannot quantitate the overloading 
effect due to proteins being present in high amounts 
(see Figs. 6 and 7). Also, there may be a nonlinear 
relationship between accumulation of mRNA and 
gene product. DeBoer et at. (1983) find that the tac 
promoter is 5-10 times more efficient than the 
tocUV5 promoter for the production of human 
growth hormone. The amount of human growth 
hormone per cell was considerably less than that of 
cl protein reported here, which suggests that in our 
experiments the availability of ribosomes to translate 
cl mRNA may be a limiting factor. 

Using the same approach as described above, we 
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converted the facUV5 promoter of plasmid 
pLG117R, which directs the synthesis of human 
fibroblast interferon in E. coli (Taniguchi et al., 
1980), into a tac promoter. The tac promoter- 
interferon fusion plasmid produces 5-10-fold higher 
levels of mature interferon than does pLG117R (N. 
Irwin and E. Amann, unpublished results). 

Induction of the tac promoter was achieved by the 
addition of IPTG to a mid-log culture and continued 
incubation. For the tac-cl gene fusion plasmids, 
IPTG concentration of 10r 4 M gave maximal 
induction while I0'~ 5 M gave no detectable induc- 
tion.as-measured by cl gel electrophoresis. Due to its 
repressibility and inducibility, the tac promoter 
system is useful for the production of proteins which 
are toxic to E. coli or which interfere with normal cell 
metabolism. 

Since the tac promoter carries the lac operator, its 
activity is regulated by the lac repressor. Activity of 
the lac promoter on a multicopy plasmid in the lacl* 
strain MM294 is constitutive (Backman et al., 1976). 
Our tac promoter-cl gene fusion plasmids are also 
derepressed in strain MM294 (see results, section 
if). Without induction, however, there was significant 
expression of the cl gene in our standard strain 
VflllQlaclQLi only if two copies of the lac operator 
sequence were present on the plasmid (pEA303 ; see 
results, section f). If, however, a DNA fragment 
containing the lacf* operon was cloned onto 
pEA303, this basal level of expression was no longer 
observed (data not shown). In accordance with this 
finding is the fact that with the lacf* fragment cloned 
onto it, the plasmid now transforms at normal 
efficiencies into a hcl+ strain (MM294) or into a 
lad deletion strain (LG90) (not shown). Thus, by 
introducing the "portable /ac/° fragment" from plas- 
mid placl** into any tac promoter-gene fusion plas- 
mid, the resulting hybrid plasmid becomes auto- 
repressable and can be transformed into any E. coli 
strain. 

Our tac promoter vectors are currently in use in 
several laboratories for expression of various pro- 
karyotic and eukaryotic polypeptides. These include 
wild-type and mutant phage repressor proteins (A, 
434, P22 repressor and cro proteins); P22 erf protein 
(A. Poteete and A. Fenton, submitted); lexA protein 
(R. Brent, unpublished); uvr proteins (A. Sancar, 
submitted); mal proteins (H. Shuman and E. 
Amann, in preparation). 



Eukaryotic proteins that are expressed include rat 
and human insulin (S. Stahl, J. Brosius, I. Akerblom 
and W. Gilbert, unpublished); human serum 
albumin (B. Wallner-Philipp, personal cqmmug^ 
cation); human leukocyte interfen^^-^^aias^ K. 
Henco, S. Nagata, CL WetoSM'ann* G. Avgerinos, F; 
Levine, W. Gilbert, unpublished); human fibroblast 
interferon (N. Irwin and E. Amann, unpublished); 
SV40 small tumor antigen (Bikel et al., 1983); ^T4& : 
large T antigen (K. Zinn and E; Amann, un- 
published). 

In all* cages' where there is a comparison with 
similar lac promoter-gene fusions possible, 5-10-fold 
higher expression levels are observed with the tac 
promoter. 
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Initiation of DNA replication from oriC in Escherichia coli takes place at a specific time in the ceU division 
cycle, whether the origin is located on a chromosome or a minichromosome, and requires participation of the 
product of the dnaA gene. The effects of overproduction of DnaA protein on the cell cycle specificity of the 
initiation event were determined by using minichromosome replication as the assay system. DnaA protein was 
overproduced by inducing the expression of plasmid-encoded dnaA genes under control of either the ptac or 
lambda p L promoter. Induction of DnaA protein synthesis caused a burst of minichromosome replication in 
cells at all ages in the division cycle. The magnitude of the burst was consistent with the initiation of one round 
of replication per minichromosome in all cells. The replication burst was followed by a period of reduced 
minichromosome replication, with the reduction being greater at 30 than at 41°C. The results support the idea 
that the DnaA protein participates in oriC replication at a stage that is limiting for initiation. Excess DnaA 
protein enabled all cells to achieve the state required for initiation of DNA polymerization by either effecting 
or overriding the normal limiting process. 



In Escherichia coli, DNA synthesis initiates at the chro- 
mosomal origin of replication, oriC, at a specific time during 
the division cycle (14-17, 20). The biochemical process 
responsible for this timing mechanism has not been 
identified, but it has been suggested that the product of the 
dnaA gene, which is required for initiation of replication 
from oriC, could be involved (3, 7, 24, 30, 39). The DnaA 
protein binds cooperatively to several sites (DnaA boxes) 
located within oriC (10, 13, 22). In so doing, it participates in 
the assembly of the complex of initiation proteins that 
eventually leads to the unwinding, priming, and polymeriza- 
tion of the oriC region (4, 11, 36). The DnaA protein also 
binds to DnaA boxes within the promoter of the dnaA gene 
itself (1, 8, 19, 40), the mioC gene adjacent to oriC (21, 31, 
33), and several other genes, some of which are involved in 
DNA metabolism (10). Thus, in addition to its direct role in 
initiation of replication at oriC, the DnaA protein may also 
act to regulate transcription of a number of DNA synthesis- 
related genes (23). 

When the intracellular quantity of DnaA protein is in- 
creased, through induction of synthesis from plasmid-en- 
coded dnaA genes, replication from oriC is stimulated (2). 
This is the case whether oriC is located on the chromosome 
or on an extrachromosomal plasmid (a minichromosome). 
Replication of the minichromosomes progresses to comple- 
tion. The newly initiated chromosomal replication forks are 
stalled shortly after initiation (2, 41), although addition of 
rifampin appears to enable the stalled forks to proceed along 
the chromosome (28). These findings suggest that overpro- 
duction of DnaA protein could alter the normal timing of 
initiation of DNA replication from oriC during the division 
cycle and, as a result, cause initiation events at earlier- 
t nan-normal times in the cycle. To examine this issue, we 
determined the kinetics of minichromosome replication dur- 
ing overproduction of DnaA protein at various times during 
the division cycle of synchronously growing E. coli B/r F 
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(15). It was found that minichromosome replication could be 
induced in cells of all ages. 

MATERIALS AND METHODS 

Bacteria and plasmids. Experiments were performed with 
£. coii B/r F thy A his (15) harboring the minichromosome 
pAL49 or pAL4 (20). The oriC region of pAL49. but not that 
of pAL4, contains the mioC gene (20). Plasmids pLSK5 and 
pTTQ9 both harbor the /acf* repressor gene and the trp-lac 
promoter (ptac). The ptac promoter is upstream of the dnaA 
gene in pLSK5 and upstream of the beta-galactosidase 
alpha-fragment gene in pTTQ9 (38). Plasmid pLSK5 was 
obtained from W. Messer, via J. Zyskind. Plasmid 
pTAC1445 carries the dnaA structural gene under the con- 
trol of the lambda p L promoter (2). In plasmid pTAC1584, a 
derivative of plasmid pTAC1445, the dnaA gene contains a 
121-base-pair deletion and produces a nonfunctional DnaA 
protein (2). Plasmid pAL08 contains the cI857 gene, encod- 
ing the thermolabile lambda repressor protein (2). Induction 
of plasmid-coded dnaA gene expression was obtained in E. 
coli B/r F(pLSK5) by exposure of the cells to the inducer 
isopropyl-p-D-thiogalactopyranoside (IPTG; final concentra- 
tion, 10~ 3 M) and in B/r F(pAL08, pTAC1445) by a temper- 
ature shift from the growth temperature, 30°C to 41°C, the 
temperature of inactivation of the lambda repressor protein. 

Growth media and chemicals. Cells were grown at 30°C in 
minima] salts medium (15) supplemented with thymine (10 
Hg/ml), histidine (20 u,g/ml), and methionine (20 u^g/ml). 
Glucose (0.2%) was used as the carbon source. Ampicillin 
(100 jig/ml), chloramphenicol (10 p.g/ml), kanamycin (100 
u,g/ml), and tetracycline (10 u,g/ml) were present for plasmid - 
containing cells, as necessary. IPTG, ampicillin (sodium 
salt), and tetracycline hydrochloride were from Sigma 
Chemical Co., St. Louis, Mo. Chloramphenicol and kana- 
mycin sulfate were from United States Biochemical Corp., 
Cleveland, Ohio. Rifampin was from Boehringer GmbH, 
Mannheim, Federal Republic of Germany. Plasmid pTTQ9 
was from Amersham Corp., Arlington Heights, III. 

Minichromosome replication. The rates of DNA replication 
were measured in samples (1 or 2 ml) of cultures exposed to 
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[me//iy/- 3 H]thymidine (10 ftCi/ml; specific activity, 80 Ci/ 
mmol) for 4 or 5 min. For both minichromosomes and 
chromosomes, the relative changes in DNA content were 
determined in samples (2 ml) of cultures continuously ex- 
posed to [mertry/- 3 H]thymidine (8 p.Ci/ml; specific activity. 
60 mCi/mmol). Radioactivity incorporation was stopped by 
the addition of excess nonradioactive thymidine (final con- 
centration, 200 jig/ml) for 10 min. A portion (0.1 or 0.2 ml) of 
each sample was placed in ice-cold, 5% trichloroacetic acid 
(TCA) for estimation of the total cellular radioactivity incor- 
poration. The remaining portion was used for the analysis of 
minichromosome radioactivity incorporation by the proce- 
dure described by Projan et at. (29). Twenty microliters of 
whole-cell lysate (total volume, 50 or 80 u,l) was loaded into 
each well of a 0.7% horizontal agarose gel. Electrophoresis 
in Tris borate-EDTA buffer was performed for 18 h at 40 V. 
Gels were prepared for fluorography as described previously 
(28), and the dried gels were exposed to X-Omat AR X-ray 
film (Eastman Kodak Co., Rochester, N.Y.) at -70°C. The 
autoradiographs of the minichromosome and plasmid DNA 
bands were scanned with a video densitometer (Bio-Rad 
Laboratories, Richmond, Calif.). 

Cell cycle analysis during short periods of DnaA protein 
overproduction. The effects of short periods of enhanced 
dnaA gene expression on the initiation of DNA replication 
were analyzed in multiple samples of synchronously growing 
cells obtained as previously described (15, 20). Briefly, 
overnight cultures grown at 30°C in media supplemented 
with the appropriate antibiotics were diluted (1:200) in 100 
ml of medium lacking the antibiotics and grown at the same 
temperature for at least four mass doublings. At a cell 
concentration of 10 8 cells per ml, the cultures were filtered 
onto the surface of a type GS Millipore nitrocellulose filter 
and washed with 100 ml of minimal medium, and the filters 
were inverted. Newborn cells were eluted at 30°C; 18 
consecutive samples taken at 2-min intervals were collected, 
and portions (5 ml) were grown synchronously at 30°C for 
different time periods, namely 90, 85, . . . 10, and 5 min. 
After these periods, one-half of each sample was exposed to 
IPTG for 7 or 10 min. During the last 5 min of the induction 
period, 2 ml of the induced and uninduced portions of each 
synchronous sample was exposed to [methyl thymidine 
(10 fjiCi/ml). Cell concentration was determined both at the 
time of collection and 1 min prior to the radiolabeling. 

Cell cycle analysis during continuous DnaA protein over- 
production. The effect of long-term induction of dnaA gene 
expression on minichromosome replication was analyzed in 
cells of specific ages in the cycle. Twenty consecutive 
samples of newborn cells taken at 1-min intervals were 
collected, and a 4-ml portion of each sample was grown at 
30°C for either 0 (age 0) or 35 (age 0.65) min. IPTG was 
added to one-half of each sample of the chosen cell age, and 
growth was continued thereafter for different time periods, 
namely 96, 91, . . . 6, and 1 min. At these times the samples 
of both the induced and uninduced cells were exposed to 
[me //iy/- 3 H]thymidine for 5 min. 

The rates of minichromosome replication during the divi- 
sion cycle were estimated as the ratio of the intensity of the 
minichromosome DNA bands obtained from synchronous 
cells to the cell number at the time of collection. The 
doubling times were calculated as the times required for the 
cell concentrations to increase 1.5-fold during the synchro- 
nous growth. The cell ages at the time of exposure to 
radioactive thymidine were computed as the ratios of the 
midtimes of the labeling periods during synchronous growth 
to the doubling times of the synchronous cultures. 



Absorbance, cell concentration, and radioactivity. The A 450 
of cultures was determined with a Zeiss PMQ11 spectropho- 
tometer. Cell concentrations were determined with a Coulter 
Counter (model ZB; Coulter Electronics, Inc., Hialeah, 
Fla.). [me7/iy/- 3 H)thymidine (78 to 80 Ci/mmol) was pur- 
chased from ICN Radiochemicals, Irvine, Calif. Incorpora- 
tion of [ 3 H)thymidine into cellular DNA was measured by 
cold 5% TCA-precipitated radioactivity retained on filter 
disks. The radioactivity in samples was counted in Spec- 
trafluor (Amersham) with a liquid scintillation counter (LS- 
7000; Beckman Instruments, Inc., Fullerton, Calif.). 

RESULTS 

Minichromosome replication upon induction of plasmid- 
encoded dnaA gene expression. Minichromosome replication 
was analyzed during DnaA protein overproduction in 
steady-state cultures of E. coli B/r F containing the oriC 
plasmid pAL49 or pAL4. DnaA protein overproduction was 
achieved in minichromosome-containing cells in two ways: 
(i) by the addition of IPTG to cells harboring pLSK5 or (ii) 
by thermoinduction of cells harboring pTAC1445. The kinet- 
ics of minichromosome replication were determined by 
pulse-labeling samples with [ 3 H]thymidine at various times 
after induction of dnaA gene expression and visualizing the 
incorporation by agarose gel electrophoresis of whole-cell 
lysates. 

The radioactivity in pAL49 minichromosome bands at 
consecutive 2-min intervals following induction of dnaA 
gene expression from plasmid pLSK5 by IPTG addition is 
shown in Fig. 1, row a. Overproduction of the DnaA protein 
resulted in a burst of minichromosome replication. An 
increase in the rate of pAL49 replication was not seen when 
IPTG was added to cells containing plasmid pTTQ9, which 
encodes the beta-galactosidase alpha-fragment gene in place 
of the dnaA structural gene (row b). The effects of thermoin- 
duction of DnaA protein synthesis in £. coli B/r F(pAL08, 
pTAC1445) containing pAL49 or pAL4 are shown in rows c 
and f, respectively. Replication was enhanced immediately 
for both minichromosomes. The enhancement was absent in 
B/r F(pAL08, pTAC1584), in which the DnaA protein was 
defective (rows d and g), and B/r F, which did not contain an 
inducible dnaA gene (rows e and h). However, a transient 
inhibition of minichromosome replication was associated 
with the temperature shift from 30 to 41°C in cells in which 
a functional DnaA protein was not induced. 

The enhanced minichromosome replication resulting from 
overproduction of DnaA protein was followed by a period of 
reduced replication (Fig. 1, rows a, c, and f). The rate of 
replication during this period was higher when the DnaA 
overproduction was induced by a shift from 30 to 41°C (rows 
c and f) than when the temperature remained at 30°C (row a). 
This higher level of subsequent replication was a conse- 
quence of the temperature upshift; indeed, when DnaA 
protein synthesis was induced by IPTG in B/r F(pLSK5) 
concomitant with an upshift in temperature (row i), the rate 
of minichromosome replication was similar to that observed 
following thermoinduction of DnaA protein synthesis. 
Again, the temperature shift alone in the absence of induced 
DnaA protein synthesis was associated with a temporary 
inhibition of minichromosome replication (row j). 

The kinetics of pAL49 minichromosome replication in 
selected experiments from Fig. 1 are shown in quantitative 
form in Fig. 2. The absorbances of the DNA bands in Fig. 1, 
row a [B/r F(pLSK5)] and row b [B/r F(pTTQ9)], upon 
induction of DnaA protein and the beta-galactosidase alpha 
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FIG. 1. Minichromosome replication during overproduction of 
the DnaA protein: fluorographs of minichromosome DNA bands. 
Steady-state cultures of E . colt B/r F harboring the minichromosome 
pAL49 or pAL4 were grown under selective pressure at 30°C. At a 
cell concentration of about 5 x 10 7 cells per ml, cells carrying the 
pLSK5-coded dnaA gene were induced by IPTG and cells harboring 
the pTAC1445-coded dnaA gene were thermoinduced by a temper- 
ature shift from 30 to 4VC. At various times before and after DnaA 
induction, samples (1 ml) were radioactively labeled with 10 u,Ci of 
[ 3 H]thymidine per ml for 4 min. After lysis, electrophoresis, and 
fluorography, the minichromosome DNA bands were photographed. 
Rows: a and b, pAL49 minichromosome DNA bands during expo- 
sure to IPTG at 30°C [a, B/r F(pLSK5); b, B/r F(pTTQ9)]; c, d, and 
e, pAL49 minichromosome DNA bands after a temperature shift 
from 30 to 41°C [c. B/r F(pAL08, pTAC1445); d, B/r F(pAL08, 
pTAC1584); e, B/r Fl; f, g, and h, pAL4 minichromosome DNA 
bands after a temperature shift from 30 to 41°C If, B/r F(pAL08, 
DTAC1445); g, B/r F(pAL08, pTAC1584); h, B/r F]; i and j, pAL49 
minichromosome DNA bands from B/r F(pLSK5) after a tempera- 
ture shift from 30 to 41°C [i, with IPTG; j, without IPTGJ. The 
broken vertical line indicates the time of IPTG addition and/or the 
temperature shift. The midpoints of the periods of radioactive- 
thymidine labeling are indicated at the bottom. 



fragment at 30°C are shown in Fig. 2a and c, respectively. 
Replication was enhanced approximately fivefold at 6 min 
after induction of DnaA protein synthesis and was slightly 
depressed in the absence of induction. Figures 2b and d 
show the absorbances of the DNA bands in Fig. 1, rows c 
and d, as a function of time after thermoinduction of B/r 
F(pAL08, pTAC1445) and B/r F(pAL08, pTAC1584), re- 
spectively. In these experiments, the rate of replication was 
enhanced about 4-fold when functional DnaA protein was 
produced (Fig. 2b) but transiently depressed about 10-fold 
when it was not (Fig. 2d). 

Chromosome replication in the presence of rifampin. We 
have previously shown (28) that new, functional replication 
forks are activated on the chromosome upon thermoinduc- 
tion of DnaA protein synthesis in B/r F(pTAC1445, pAL08), 
based on the extent of runout replication in the presence of 
rifampin. The rapid enhancement of minichromosome repli- 
cation from plasmid pLSK5 at 30°C upon induction of the 
dnaA gene product with IPTG (Fig. 1 and 2) suggests that 
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FIG. 2. pAL49 minichromosome replication during induction of 
dnaA gene expression. The intensities of the pAL49 minichromo- 
some DNA bands from fluorographs such as those shown in Fig. 1 
were determined by two-dimensional densitometry and plotted as a 
function of time after the induction of DnaA protein synthesis. 
Shown are the rates of pAL49 minichromosome replication in B/r 
F(pLSK5) (a) and B/r F(pTTQ9) (c) upon IPTG inducUon at 30°C 
and in B/r F(pAL08. pTAC1445) (b) and B/r F(pAL08, pTAC1584) 
(d) upon a shift in temperature from 30 to 41°C. The broken vertical 
lines indicate the time of IPTG addition or the temperature shift. 



new replication forks might be similarly activated on the 
chromosome, independent of a temperature upshift. To 
analyze this possibility, steady-state cultures of B/r 
F(pLSK5) were grown at 30°C for at least 20 generations in 
the presence of [ 3 H]thymidine to fully label chromosomal 
DNA and then divided into four portions. One portion of the 
culture received IPTG at 30°C, while another portion re- 
ceived IPTG and was simultaneously shifted to 41°C. The 
third and fourth portions were maintained at 30°C, or shifted 
to 41°C, without the addition of IPTG. After 12 min, rifampin 
was added to each portion. The radioactivity incorporated 
into cold TC A-precipitable material was plotted as a function 
of time after rifampin addition (Fig. 3). In cultures induced 
with IPTG, the incorporation reached identical plateaus, at 4 
h for 30°C and 2 h for 41°C (Fig. 3a). This plateau was at a 
value about 2.4 times that at the time of rifampin addition, 
independent of the temperature shift. In uninduced cells 
(Fig. 3b), incorporation reached maximum values of 1.4 and 
1.6 times the initial value at 30 and 41°C, respectively. Thus, 
induction of the dnaA gene product with IPTG was associ- 
ated with an increased level of chromosomal runout replica- 
tion, consistent with the activation of functional replication 
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FIG. 3. Runout chromosome replication in the presence of ri- 
fampin. A culture of B/r F(pLSK5) was grown for approximately 20 
generations in the presence of 8 p.Ci of [ 3 H]thymidine per ml 
(specific activity, 60 mCi/mmol) under selective pressure, (a) Por- 
tions of the culture received 1PTG at 30°C (•) or concomitant with 
a temperature shift to 41°C (O); (b) portions of the culture were 
maintained at 30°C (A) or shifted to 41°C (A) without addition of 
IPTG. Twelve minutes later, rifampin (final concentration, 100 
jig/ml) was added to all the cultures. The radioactivity incorporated 
into cold 5% TCA-insoluble material at various times after rifampin 
addition is plotted as a function of time. The arrow indicates the time 
of rifampin addition. The broken and solid lines in panel b indicate 
incorporation at 30°C and during a shift from 30 to 41°C, respec- 
tively, in the absence of rifampin. 



forks on the chromosome, independent of a temperature 
shift. 

Minichromosome replication in synchronously growing E. 
coli B/r F during short periods of DnaA protein overproduc- 
tion. Minichromosome replication is normally restricted to a 
discrete interval in the cell division cycle, coincident with 
initiation of chromosome replication (14). The burst of 
minichromosome replication observed during induction of 
DnaA protein synthesis in exponentially growing cultures 
could be a consequence of enhanced synthesis of minichro- 
mosomes during this replication interval or of the activation 
of replication potential in cells at other (earlier) ages in the 
division cycle. To discriminate between these possibilities, 
samples of E. coli B/r F(pLSK5) of various ages in the 
division cycle were divided into two equal portions. In one, 
synthesis of the dnaA gene product was induced for either 7 
or 10 min, while the other portion served as an uninduced 
control. Induced and uninduced portions of each synchro- 
nous sample were labeled with [ 3 H]thymidine during the last 
5 min of the induction period and processed and analyzed 
under the same conditions. Figures 4 and 5 show the DNA 
bands and densitometry scans of the bands, respectively, 
for the induced and uninduced samples in both experiments. 
Minichromosome replication in the uninduced cells was 
periodic, with a maximum value about midway through the 
division cycle. DnaA protein overproduction stimulated 
minichromosome replication in cells of all ages. In the 
induced cells, the rate of replication followed a stepwise 
pattern, with a doubling shortly after the interval of pAL49 
replication in the uninduced culture. The amount of radio- 
activity in each sample of the induced culture was approxi- 
mately equal to the total incorporation in all samples from 
the corresponding cell cycle of the uninduced culture. This is 
consistent with the initiation of one round of replication per 



minichromosome upon induction of DnaA protein synthesis, 
independent of the stage in the cell cycle. Thus, the stepwise 
doubling in [ 3 H]thymidine incorporation during the cell cycle 
reflected the average number of mini chromosomes present 
per cell at the time DnaA protein synthesis was induced. 
Similar enhancement in minichromosome replication was 
seen in B/r F(pAL08, pTAC1445) during thermoinduction of 
DnaA protein synthesis (data not shown). 

Minichromosome replication in synchronously growing E, 
coli B/r F during continuous DnaA protein overproduction. 
The preceding information indicates that cells of all ages 
were stimulated to replicate their minichromosome contents 
during the initial stages of DnaA overproduction, but the 
experiments did not indicate whether the kinetics of replica- 
tion differed in cells of different ages or whether there was 
more than one burst of replication. To answer these ques- 
tions, synchronous samples of cells with ages of 0 and 0.65 
generations were divided in half and IPTG was added to one 
portion. Synchronous growth was continued, and portions 
were pulse-labeled with [ 3 H]thymidine at consecutive inter- 
vals. The absorbances of the radioactive minichromosome 
bands were determined and plotted as a function of cell age 
after IPTG addition (Fig. 6). In both experiments, overpro- 
duction of the DnaA protein was associated with an imme- 
diate enhancement in minichromosome replication. The ini- 
tial burst of minichromosome replication was followed by a 
period of significantly reduced replication. At about one 
generation after the first burst, there may have been a slight 
second burst of replication, but the level of incorporation 
was too low to accurately assess the extent of replication at 
this time. Finally, the total radioactivity in the initial peak in 
the induced culture was approximately equal to the total 
incorporation in all samples of the uninduced culture in the 
same cell cycle, again consistent with one replication per 
minichromosome upon DnaA overproduction. 

DISCUSSION 

Overproduction of the DnaA protein was associated with 
an abrupt increase in the rate of minichromosome replica- 
tion, independent of the presence or absence of the mioC 
gene on the minichromosome. The extent of replication was 
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FIG. 4. Minichromosome replication in the division cycle during 
short periods of DnaA protein overproduction. The fluorographs of 
the pAL49 minichromosome DNA bands from synchronous B/r 
F(pLSK5) cells IPTG induced for 7 min (a) and 10 min (b) and 
radiolabeled for the last 5 min of induction are shown. In each set, 
the upper row represents the DNA bands of the induced samples 
and the lower row represents those of the corresponding uninduced 
samples. The ages of the synchronous cells at the start of induction 
are indicated at the bottom of each set. 
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FIG. 5. Rate of minichromosome replication in the cell division 
cycle during short periods of DnaA protein overproduction. The 
intensities of the pAL49 minichromosome DNA bands shown in Fig. 
4 were normalized to the cell number at the start of synchronous 
growth and plotted as a function of cell age at the time of radiola- 
beling. DnaA protein synthesis induction was for 7 min (a) and 10 
min (b). Symbols: O, induced cells; uninduced cells. The vertical 
broken lines indicate the midpoints of synchronous division. 



consistent with one round of replication per minichromo- 
some, in agreement with previous findings by Atlung et ai. 
(2). This stimulation of replication took place at all stages in 
the division cycle. The burst of replication was followed by 
a period of reduced replication, more evident at 30 than at 
41°C, and then about one generation later by a possible 
second wave of replication at a 10-fold-lower amplitude. 
Thus, the normal cell cycle specificity of minichromosome 
replication was overridden by induction of DnaA protein 
synthesis. If there was any period in the cycle when mini- 
chromosome replication could not be induced, such as 
immediately after replication when the molecules are still 
hemimethylated (25, 27, 32, 37), it was too short to be 
detected by these procedures. 

The mechanism by which the dnoA gene product, when in 
excess, accelerates the expression of initiation potential can 
be explained in the following way. The DnaA protein acts 
early in the initiation reaction (35, 42). According to in vitro 
studies of minichromosome replication, the active ATP- 
DnaA form (34) participates in the opening of the DNA 
duplex at oriC (7, 18) to facilitate entry of additional proteins 
involved in subsequent priming and polymerization steps (4, 
6). Overexpression of DnaA protein could induce initiation if 
an excess of the protein was sufficient to cause formation of 
the open complex (7) and the other components involved in 
the later stages of replication were not limiting. This condi- 



tion would obtain if DnaA was normally limiting for initiation 
or if the normal limiting step in open complex formation was 
circumvented by the excess DnaA protein. It has also been 
suggested that RNA polymerase acts early in initiation and 
facilitates open complex formation by transcriptional activa- 
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FIG. 6. Rate of minichromosome replication during continuous 
expression of the dnoA gene in the division cycle. Synchronous 
samples of B/r F(pLSK5) were grown for either 0 min (age 0) (a) or 
35 min (age 0.65) (b), and then one-half of each sample received 
IPTG and the other did not. Growth was continued, and the samples 
were radioactively labeled at intervals with l 3 H]thymidine for 5 min. 
Photographs of the radioactive minichromosome DNA bands are 
shown at the tops of panels a and b. In each set, the upper row 
represents the minichromosomes of the induced samples and the 
lower row represents those of the corresponding uninduced sam- 
ples. The rate of minichromosome replication was determined as for 
Fig. 5 and plotted as a function of the age at the time of radiolabel- 
ing. The vertical broken lines indicate the times of synchronous 
division. The rates of minichromosome replication in induced (O) 
and uninduced (•) cells are shown. 
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tion at oriC (5). The two proteins might thus act to achieve 
the same topological alteration of the origin region. In fact, 
initiation of replication from oriC is also stimulated by an 
increase in the availability of RNA polymerase (40a). An 
elevated ATP-DnaA level could obviate the need for direct 
polymerase function at the origin. Thus, RNA polymerase 
action might no longer be needed in the presence of ATP- 
DnaA in excess, and conversely, initiation might take place 
in the presence of lower levels of DnaA when RNA poly- 
merase availability is increased. 

The period of depressed minichromosome replication after 
the initial stimulation by DnaA protein could be a reflection 
of several factors, including modification of DNA topology 
during overinitiation at oriC (6; D. W. Smith and J. W. 
Zyskind, in K. W. Adolph, ed., Chromosomes: Eucaryotic, 
Procaryotic and Viral, vol. 2, in press) or DnaA-mediated 
effects on the transcription of essential DNA replication- 
related genes (30). Inhibition of chromosome replication has 
previously been reported upon IPTG induction of the dnaA 
gene under ptac promoter control (31). The inhibition was 
associated with a decrease in the extent of counterclockwise 
transcription entering oriC during increased DnaA protein 
synthesis. 

The effects of the treatments used for the induction of 
plasmid-coded dnaA gene expression in cells lacking an 
inducible plasmid-coded dnaA gene were also of interest. 
Temperature upshifts, in the absence of induced DnaA 
protein synthesis, were associated with a temporary inhibi- 
tion of minichromosome replication. This early, transient 
inhibition of replication was specific for the minichromo- 
some; i.e., the rates of replication of plasmids pLSK5, 
pAL08, pTAC1445, and pTAC1584 all increased immedi- 
ately upon a shift in temperature from 30 to 41 D C. When 
minichromosome replication resumed, it was at a rate higher 
than that in unshifted cells. The explanation for this thermal 
inhibition of minichromosome replication, which was re- 
versed by DnaA protein overproduction, is unknown but 
could be related to changes in transcriptional patterns (9). 
Enhanced transcription from heat shock genes (26) could 
serve to reduce the availability of RNA polymerase for 
initiation. Excess DnaA protein might serve to overcome the 
reduced polymerase availability by opening the DNA duplex 
at oriC without the need for transcriptional activation. It 
should be noted that our findings in this regard are in 
opposition to those of a recent study by Guzman et at. (12), 
in which initiation of rounds of chromosome replication were 
stimulated during a temperature shift of cells in which RNA 
synthesis activity was reduced. The investigators suggested 
that the displacement of RNA polymerase toward the heat 
shock genes reduced the transcription of a replication inhi- 
bition gene. We found no evidence of this phenomenon. 

In our experiments, the cell cycle specificity of minichro- 
mosome replication was similarly affected whether overpro- 
duction of the DnaA protein was obtained by IPTG induction 
of the p/oc promoter in plasmid pLSK5 at 30°C or upon 
thermoinduction of the p L lambda promoter in plasmid 
pTAC1445. Furthermore, runout replication of chromo- 
somes was similarly enhanced. On the other hand, minichro- 
mosome replication lasted for a longer period of time when 
DnaA overproduction was combined with a temperature 
upshift. Thus, the expression of DnaA-dependent initiation 
potential appears to be positively affected by an upshift in 
temperature, as observed previously by Xu and Bremer (41) 
for runout chromosome replication and Romberg et al. (18) 
for oriC replication in vitro. 
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